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Abstract
We study models of gauge-mediated supersymmetry breaking with messengers that do not
belong to complete representations of grand-unified gauge groups. We show that certain
setups characterized by heavy Wino can greatly improve the fine tuning with respect to
models with unified messengers, such as minimal gauge mediation. The typical models
with low tuning feature multi-TeV superparticles, with the exception of the Higgsinos
and possibly Bino and right-handed sleptons. As a consequence, the absence of signals
for supersymmetry at the LHC is trivially accommodated in our framework. On the
other hand, testing these models will be challenging at the LHC. We finally show that
the gravitino can be a consistent candidate for cold dark matter, provided a rather low
reheating temperature, if a standard thermal history of the universe is assumed.
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1 Introduction
Low-energy supersymmetry (SUSY) represents one of the most convincing frameworks to
address to electroweak hierarchy problem, as well as a common perturbative description of
physics beyond the Standard Model (SM) from the electroweak scale up to very high energy
scales, including gauge coupling unification and dark matter. Nevertheless, the discovery at
the LHC of a Higgs scalar with mass about 125 GeV [1, 2], as well as the negative results of a
large number of dedicated SUSY searches, put the SUSY paradigm under stress, leading to a
severe fine tuning, at least within minimal SUSY models, see e.g. [3, 4]. This challenges the
original motivation of SUSY and calls for a departure from minimality.
In the present paper, we work within the context of the minimal supersymmetric standard
model (MSSM) with gauge-mediated supersymmetry breaking [5]. We are going to study how
to relax the fine tuning of gauge mediation (GM) models, focussing on the possibility that
the GM messengers belong to incomplete representations of grand-unified gauge groups. Such
messenger sectors lead to a departure from the minimal models as they feature non-unification
of gaugino masses. We aim at identifying patterns of gaugino masses at the messenger scale
that can lead to a reduced fine tuning, similarly to previous studies performed within the
context of gravity mediation [6, 7, 8, 9, 10, 11, 12, 13]. The results of this analysis can then
give us a guideline on how to build models of messengers featuring a reduced fine tuning,
along the lines of [14]. Specific choices of messengers and gaugino mass ratios leading to a
reduced fine tuning in GM have been previously discussed in [15, 16, 17, 18]. Here we perform
a full scan over the possible sets of non-unified messengers, and attempt a full characterization
of typical spectra and phenomenological consequences (especially for collider experiments) of
the solutions featuring lowest fine tuning.
Other directions leading to a reduced tuning or even natural SUSY scenarios (in few cases
within the context of GM as well) have been recently explored in [19, 20, 21, 22, 23, 24, 25, 26].
The rest of the paper is organized as follows. In section 2 we described our setup and
specify the parameters we will study in the numerical analysis. In section 3 we review the
definitions of fine tuning we adopt in this study. The results of our numerical scan are shown
and discussed in section 4, while details of the spectra of models featuring low fine tuning, as
well as some benchmark models, are presented in section 5. Collider constraints and prospects
are discussed in section 6, while section 7 is devoted to a discussion of the gravitino cosmology
of the benchmark models. Finally, details about the model building aspects of GM with non-
unified messengers are given in section 8 and the outcome of our work is summarized in section
9.
2 Non-unified Gauge Mediation
In order to scan over models with non-unified messengers, we adopt as free parameters the
contribution of the GM messengers to the β-function coefficients of the SM (SU(3)×SU(2)×
U(1)) gauge couplings, g1, g2, g3:
bM1 , b
M
2 , b
M
3 .
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These quantities are given by the sum of the Dynkin indices for the SM representations of
the messengers. For instance, each copy of 5 + 5¯ corresponds to bM1 = b
M
2 = b
M
3 = 1, as in
minimal GM. Details about the messenger sector are discussed in section 8. Obviously the
above parameters can only attain discrete values, and are characteristic of a given messenger
content. For these reasons, the Barbieri-Giudice fine tuning measure ∆BG [27] (see the next
section for details) should not be computed with respect to them, once the messenger sector
is specified.
In order to isolate the effect of non-unified messengers, we focus on a single source of
SUSY breaking. In other words, we work with the ordinary parameters of minimal GM, i.e.
the mediation scale and the SUSY-breaking F-term:
M, Λ ≡ F
M
,
as well as tanβ and sgn(µ). In terms of the above parameters, the expressions for gaugino
and scalar masses at the messenger scale read [28]:
Ma(M) =
αa(M)
4pi
bMa Λ, a = 1, 2, 3, (1)
m˜2X(M) = 2
∑
a=1,3
(
αa(M)
4pi
)2
CXa b
M
a Λ
2, (2)
where X refers to the MSSM superfields X = Q, U, D, L, E, Hu, Hd and C
X
a (a = 1, 2, 3) is
the quadratic Casimir of the representation of X under SU(3)×SU(2)×U(1). We suppressed
flavor indices of the sfermion mass matrix, as these contributions are flavor universal. Unlike
sfermion masses, A-terms are not generated at the leading order and are therefore highly
suppressed at the messenger scale.
To summarise, we are going to make a scan over GM models with non-unified messenger
sectors, employing just two parameters more than in minimal GM: bM1 , b
M
2 , b
M
3 , instead of
the number of 5 + 5¯ representations N .
3 EWSB and fine tuning measures
In our numerical analysis, we are going to adopt the following definitions of fine tuning,
∆EW and ∆HS, introduced in Refs. [29, 30]. They are defined starting from the minimization
condition of the scalar potential
m2Z
2
=
(m˜2Hd + Σd)− (m˜2Hu + Σu) tan2 β
tan2 β − 1 − µ
2, (3)
where all the parameters are evaluated at the electro-weak symmetry breaking (EWSB) scale.
The quantitates Σu,d arise from 1-loop corrections to the tree-level potential and their explicit
forms can be found in the Appendix of Ref. [31]. The electro-weak fine tuning ∆EW is defined
in terms of the sensitivity coefficients Cx to the quantities appearing in the right-hand side of
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Eq. (3) (e.g. CHd ≡ m˜2Hd/(tan2 β−1), CΣd ≡ Σd/(tan2 β−1), CHu ≡ −m˜2Hu tan2 β/(tan2 β−1),
. . . ) as follows [29, 30]
∆EW ≡ maxx |Cx|
m2Z/2
. (4)
The high-scale measure ∆HS is computed taking into account the RG running of the param-
eters to some input scale (in our case the messenger mass scale M), m˜2Hu,d = m˜
2
Hu,d
(M) +
δm˜2Hu,d , µ
2 = µ2(M) + δµ2 [29, 30]
∆HS ≡ maxx |Bx|
m2Z/2
, (5)
where BHd ≡ m˜2Hd(M)/(tan2 β − 1), BδHd ≡ δm˜2Hd/(tan2 β − 1), etc.
Later, we will compare the resulting values of ∆EW and ∆HS for some representative
points of the parameter space with the classical definition by Barbieri and Giudice, ∆BG [27]:
∆BG ≡ max
x
∣∣∣∣∂ logm2Z∂ log ax
∣∣∣∣ , (6)
where ax are the fundamental high-energy parameters, in our case: Λ, M , tanβ, µ
2.
We will show that, given the high degree of correlation of the soft masses (the spectrum is
controlled by the single dimensionful high-energy parameter Λ = F/M), ∆HS seems to badly
overestimate the fine tuning of our non-unified models, while ∆EW and ∆BG return values of
the similar order, much lower than ∆HS [32]. The reason of such an overestimate is that ∆HS
does not take into account automatic cancellations that arise from the fact that terms in Bx
are related to a few fundamental parameters.1
We will therefore adopt ∆EW as our main indication of naturalness and, in particular, we
will show how models with bM2 > b
M
3 can be considerably less tuned than minimal GM, i.e.,
in set-ups with unified messengers, bM1 = b
M
2 = b
M
3 .
The above sketched outcome generalizes to the case of gauge mediation the results of
[7, 8, 11]. It can be intuitively understood considering the minimization condition in Eq. (3).
As is well known, for moderate to large values of tanβ, the equation reduces to
m2Z
2
≈ −(m˜2Hu + Σu)− µ2, (7)
such that the EWSB can be achieved if m˜2Hu < 0 and the correct Z-boson mass is obtained
by cancellation mainly between by |m˜Hu | and µ, unless the radiative corrections encoded
in Σu dominate (as in the case of very heavy sfermions). The larger the values of these
parameters, the more severe the tuning will result. The low-energy value of m˜2Hu is related to
that generated at the messenger scale by the renormalization group equation (RGE) whose
expression at one loop is:
16pi2
d
dt
m˜2Hu ' 6y2t (m˜2Hu + (m˜2Q)33 + (m˜2U )33) + 6A2t − 6g22M22 −
6
5
g21M
2
1 −
3
5
g21S , (8)
1See Ref. [33] for detailed discussion of ∆EW, ∆HS and ∆BG.
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where t is related to the renormalization scale as t ≡ log(µ/M), yt and At are top Yukawa
and A-term, and S ≡ m˜2Hu − m˜2Hd + Tr(m˜2Q − m˜2L − 2m˜2U + m˜2D + m˜2E).
As is well known, negative values of m˜2Hu (and thus the EWSB) can be radiatively induced
by the contributions ∝ y2t of the stop mass parameters (m˜2Q)33 and (m˜2U )33, which tend to
decrease the value of m˜2Hu in the running from M to low energies. The large stop masses, as
required by the observed Higgs mass in minimal GM, make m˜2Hu run to more negative values,
thus giving at low energy |m˜2Hu |  m2Z , which results in a severe fine tuning. This is also
the effect of heavy gluinos, given that (m˜2Q)33 and (m˜
2
U )33 grows with M3 in the running. On
the other hand, the SU(2) and U(1) gaugino contributions ∝ g2iM2i in the RGE in Eq. (8)
tend to compensate the above described effects, making m˜2Hu grow in the running to low
energies. While this effect is subdominant for universal gaugino masses, it can substantially
reduce the low-energy value of |m˜2Hu | even for heavy stops and gluinos, if M21,2 > M23 at high
energies. Because of the hierarchy of the gauge couplings, as well as the numerical coefficients
in Eq. (8), this compensation is much more effective in the Wino case than for the Bino.
The above considerations make us expect a reduced tuning for those models where the
gauge-mediated SUSY breaking gives M22  M23 at the mediation scale M , i.e. whose mes-
senger sector corresponds to bM2 > b
M
3 . In the following, we are going to demonstrate this
effect by means of a numerical scan over these kinds of models.
4 Numerical scan and fine tuning
We performed a scan of the parameter space described above in section 2, employing a version
of ISAJET 7.85 [34], to which we added a subroutine to compute ∆BG. For the messenger
contributions to the β-function coefficients, we took random integer values 2 within these
intervals
1 ≤ 5× bM1 ≤ 75,
1 ≤ bM2 ≤ 15,
1 ≤ bM3 ≤ 7. (9)
The other parameters are randomly varied in the following ranges
5× 104 GeV ≤ Λ ≤ 106 GeV,
2× Λ ≤ M ≤ 1015 GeV,
5 ≤ tanβ ≤ 50, (10)
and the top mass was set to mt = 173.3 GeV [35]. We checked that sgn(µ) has a very mild
impact on the fine-tuning measures when the other parameters are fixed, hence we employed
µ > 0 throughout the paper.
2For bM2 and b
M
3 , this choice is justified by the fact that a fundamental representation of SU(N) has
index 1/2, and messengers come in vector-like representations of the SM gauge group. bM1 can instead attain
fractional values as n/5 with n an integer. See section 8 for further discussion.
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Figure 1: Higgs mass vs. the electroweak fine tuning ∆EW (left) and the high-scale measure
∆HS (right) for the scan of Eq. (9) over models with non-unified messengers (dark-yellow and
orange points), compared to the scan of the minimal GM parameter space as in Eq. (11) (green
and dark-green points). See the text for details.
For the sake of comparison with minimal GM, we also performed a scan within the same
ranges of the parameters, but with unified messengers:
bM1 = b
M
2 = b
M
3 ≡ bM , 1 ≤ bM ≤ 7. (11)
Our results are displayed in Fig. 1. The left panel shows the light Higgs mass mh and
the fine tuning ∆EW for those points that survive the basic consistency checked by ISAJET
(no tachyons, correct EWSB, etc.). Yellow points correspond to the scan over the models
with non-unified messengers as defined in Eq. (9), green points to the minimal GM scan
of Eq. (11). The orange and dark-green points highlight the solutions with mh compatible
with the measured value within experimental and theoretical uncertainties (which we take to
amount to 3 GeV):
122 GeV ≤ mh ≤ 128 GeV. (12)
In Fig. 2, we show ∆EW vs. the lightest stop mass (left), as well as a function of the ratio
bM2 /b
M
3 , only for the points corresponding to the above Higgs mass range. From these plots,
we can see that the condition of Eq. (12) constrains ∆EW & 500 for minimal GM. This well-
known result reflects the heavy stop masses required to raise the Higgs mass at the level of
Eq. (12), given the vanishing values of the stop A-term generated at the messenger scale in
minimal GM, see e.g. [36, 37].3 On the other hand, in the case of non-unified messengers the
∆EW can be as low as 40 ÷ 50, corresponding to a substantial reduction of the fine tuning
(about one order of magnitude). This confirms our qualitative considerations at the end of
section 3: it is a consequence of the compensating effects of the Wino mass M2 and the stop
masses in the running of m2Hu . In fact, lowest values of ∆EW are achieved for the largest
3However, within the context of General Gauge Mediation [38], there are ways to generate a sizeable |At|
through the RG running, so that mt˜1 . 1 TeV can be still compatible with mh = 125 GeV [39].
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Figure 2: ∆EW vs. the lightest stop mass (left) and the ratio of β-function coefficients b
M
2 /b
M
3
(right) for points satisfying 122 GeV ≤ mh ≤ 128 GeV. As in the previous figure, orange points
correspond to models with non-unified messengers, while dark-green points to minimal GM,
i.e. bM1 = b
M
2 = b
M
3 .
possible values of the ratio bM2 /b
M
3 giving acceptable solutions, cf. Fig. 2, right. The larger
values of bM2 /b
M
3 give m˜
2
Hu
> 0 at low energies, hence failing to trigger a successful EWSB,
because of the M22 term dominating the RGE in Eq. (8).
In the right panel of Fig. 1, we display the result of our scans in terms of the high-energy
measure ∆HS. As we can see ∆HS does not benefit from a substantial improvement with
respect to minimal GM in models with non-unified messengers. However, ∆HS does not take
into account correlations of the parameters in the fundamental high-energy theory, hence
likely overestimates fine tuning, as argued in [32]. We are going to support this conclusion in
the next section by comparing ∆EW and ∆HS with the Barbieri-Giudice measure ∆BG.
5 Typical spectra of low-tuned models
In this section, we discuss the phenomenological aspects of models of gauge mediation with
non-unified messengers that can feature a low degree of tuning, starting from the typical
spectrum. From the discussion of the previous sections, we can already anticipate some
features of this kind of models. First of all, we expect a heavy stop sector and a heavy gluino
to raise the Higgs mass at the observed value, as in any GM model without extra contributions
to generate large A-terms at the mediation scale. Second, a low value of the Higgsino mass µ is
obviously needed if we require no fine cancellations in Eq. (3). On the other hand, large Wino
and possibly Bino masses are the key ingredient of our non-unified models to keep |m2Hu | small
at the EWSB scale, despite the heavy stops, thanks to the compensating effect in the RGE
of Eq. (8). Hence, everything that is charged under SU(2) and SU(3) will be definitely heavy,
while the lightest chargino and the two lightest neutralinos are likely to be Higgsino-like with
possibly a sizeable Bino component for solutions with M1 ' µ. To summarize, besides the
usual gravitino LSP, we expect that the only light states will be the Higgsinos (thus likely to
7
Figure 3: Gluino mass (left) and Higgsino mass (right) vs. the lightest stop mass for the
models of non-unified messengers corresponding to the lowest values of ∆EW. All points
satisfy Eq. (12).
Figure 4: The same as in the previous figure, for the parameter ratios mτ˜1/mχ˜01 vs. M1/µ
(left) and the Higgsino mass vs. the Wino mass (right).
provide a neutralino NLSP) and possibly Binos and RH sleptons (especially the RH stau).
In Fig. 3, we show the points of our scan defined in Eqs. (9, 10) that fulfil the Higgs
mass range of Eq. (12) and feature ∆EW < 1000. The lower fine-tuning ranges are displayed
in different colors as indicated in the figure. In the left panel, we show the result in the
plane of the physical lightest stop and gluino masses, (mt˜1 , mg˜). In the right panel, we show
the lightest stop mass and the Higgsino mass parameter µ, (mt˜1 , µ). As expected the color
superpartners are rather heavy: solutions are only found for mt˜1 & 2 TeV, mg˜ & 3 TeV.
Remarkably, very heavy squarks and gluinos, O(10) TeV, are still compatible with a fine-
tuning better than the permil level. However, the points with lowest tuning, ∆EW < 50,
requires mt˜1 . 2.5 TeV, mg˜ . 5 TeV, to avoid too large radiative correction Σu in Eq. (7).
On the other hand, Higgsinos need to be lighter than about 500 GeV for ∆EW < 50.
Further features of low-tuned models are better depicted in Fig. 4. Scan and color code
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Figure 5: The same as in the previous figures, for the squark mass ratios md˜L/md˜R
vs. mu˜L/mu˜R (left) and the lightest stop mass vs. the mediation scale M (right).
are the same as in the previous figure. The left panel of Fig. 4 allows us to investigate nature
and composition of the NLSP: on the y-axis we display the mass ratio of the lightest stau and
neutralino, mτ˜1/mχ˜01 , on the x-axis the ratio of the key parameters of the neutralino mass
matrix, M1/µ. As we can see, solutions with the lowest tuning always feature a neutralino
NLSP, mτ˜1 > mχ˜01 , although a corner of the parameter space with relatively low tuning,
∆EW < 100 ÷ 200, features a (RH) stau NLSP. The lightest neutralino NLSP is always
Higgsino-like (M1 > µ) for ∆EW < 50, but we also see some points with M1 ' µ that
translate to a sizeable Bino-Higgsino mixing.
The right panel of Fig. 4 shows the Wino-Higgsino mass plane. As we expected, Winos
have to be heavy, M2 & 2 TeV, and low-tuning even requires M2 ≈ 4 TeV. Thus, the lightest
chargino will be almost pure Higgsino and negligible Wino component is expected in the
lightest neutralinos, as well.
The left panel of Fig. 5 displays the first generation squark mass ratios, (mu˜L/mu˜R ,
md˜L/md˜R). These particles are in the multi-TeV range, as we have seen before. However,
their ratios show the imprint of the non-universal gaugino masses. In fact, the low-tuning
solutions feature left-handed (LH) squarks (i.e. SU(2) doublets) about 30% heavier than the
right-handed (RH) ones (SU(2) singlets), as a consequence of the large Wino contribution
∝ g22M22 in the squark mass running. However, few points with ∆EW < 200 feature the
opposite hierarchy: this reflects some relatively low-tuned solutions with M1  M2, M3.
The structures we observe in the plot arise from the fact that we scan over discrete values of
bM1 .
Finally, in the right panel of Fig. 5, we show the lightest stop mass vs. the mediation scale
M . First of all, we see that the stop mass can be lower for a high mediation scale. This
reflects the well-known fact that a longer running generates a sizeable At for heavy enough
gluinos, so that a lighter stop sector can provide the required radiative correction to the Higgs
mass due to the stop LR mixing effects, see e.g. [40]. Secondly, we see that the fine-tuning
prefers large M as well. This is not only because stops can be lighter – which diminishes the
9
A B C D E
Λ 135 TeV 215 TeV 120 TeV 211 TeV 314 TeV
M 2× 1013 5× 1011 9.2× 1014 3.7× 1011 2.3× 106
tanβ 20 15 14 25 18
(bM1 , b
M
2 , b
M
3 ) (
19
5 , 13, 5) (
8
5 , 10, 4) (
19
5 , 13, 5) (
14
5 , 10, 4) (2, 4, 2)
∆EW 48 96 81 84 90
∆HS 771 1427 710 1365 1076
∆BG 87 122 98 104 95
µ 314 632 579 554 610
mh, mA 122, 3207 122,3880 122, 3255 123, 3535 122, 2350
mg˜ 4342 5439 3901 5343 4178
mχ˜01,2 320, 325 455, 651 571, 594 566, 572 621, 628
mχ˜03,4 700, 4427 654, 5405 639, 3935 809, 5307 874, 3233
mχ˜±1,2
335, 4405 669, 5376 610, 3915 589, 5278 644, 3202
mt˜1,2 2644, 4683 3618, 5835 2178, 4322 3597, 5677 3941, 4766
mb˜1,2 3777, 4701 4878, 5845 3456, 4347 4684, 5685 4393, 6190
mτ˜1,2 597, 3384 540, 3941 745, 3271 533, 3834 794, 2338
mu˜L , md˜L 5113, 5113 6277, 6278 4748,4749 6152,6153 4963, 4964
mu˜R , md˜R 3920, 3892 4960, 4944 3554, 3520 4890, 4861 4449, 4424
m˜`
L
, m˜`
R
3411, 790 3960, 603 3284, 819 3878, 887 2353, 799
mG˜ 640 MeV 25 MeV 26 GeV 19 MeV 175 eV
Table 1: Spectrum and parameters of five benchmark models. Model A corresponds to char-
acteristic low-tuned solution, featuring pure Higgsino NLSP. Models B and C give examples
of Bino-like and mixed Higgino-Bino NLSP respectively. Models D and E show peculiar so-
lutions with long-lived stau NLSP (model D) and short-lived neutralino NLSP (model E).
Dimensionful quantities are in GeV unless otherwise indicated.
radiative correction Σu in Eq. (3) – but also because a longer running makes the compensation
of stop and Wino contributions in Eq. (8) more efficient. As we are going to discuss in section
6, a high mediation scale translates to a long-lived NLSP compared to the detector scale at
collider experiments. Only few points with ∆EW < 100 correspond to a low mediation scale
103÷4 TeV, thus being characterized by an NLSP decaying inside the detector.
5.1 Benchmark models
We close this section showing in Table 1 the full spectrum of five models with low fine tuning
that exemplify the features discussed above. The gravitino LSP mass is given in the last row,
while the NLSP mass is highlighted in red.
Model A corresponds to the typical low-tuned solution with a ≈ 300÷ 400 GeV Higgsino
and thus a Higgsino-like neutralino NLSP, almost degenerate to the second neutralino and
the light chargino. These are the only particles substantially lighter than 1 TeV, besides the
Bino-like χ˜03 and the RH sleptons, in particular the RH stau. The squarks, gluino, Wino and
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LH sleptons are all in the multi-TeV range. Model B illustrates a solution with a light Bino
and thus a Bino-like neutralino NLSP, as well as the light RH stau and sleptons. Model C is an
example of a χ˜01 NLSP that is a substantial mixture of Higgsino and Bino. Model D illustrates
the corner of the parameter space with a stau NLSP (and mostly-Higgsino NNLSP). Finally,
Model E shows the example of a spectrum corresponding to a low mediation scale, hence with
a fast decaying NLSP, unlike the three previous cases.
The three definitions of fine tuning are also shown. From this comparison, we conclude
that ∆BG ≈ ∆EW  ∆HS, which justifies our choice of basing our considerations mainly on
∆EW.
6 Collider searches
As we have shown above, our models feature multi-TeV colored superpartners. As a conse-
quence, gauge mediation with non-unified messenger sectors can naturally accommodate at a
low fine tuning price the experimental information of the 8 TeV run of the LHC: a 125 GeV
Higgs, and no sign of supersymmetric particles.
In this section, we discuss possible collider tests of the low-tuned solutions we found. We
start by outlining the general features of the spectra of our models.
• The LSP is the gravitino, with mass given in terms of the SUSY-breaking F-term and
the reduced Planck mass (MP = 2.4× 1018 GeV), see e.g. [41]
mG˜ =
F√
3MP
=
Λ×M√
3MP
. (13)
Hence, mG˜ can be in the range O(100) eV – O(10) GeV, but we find that the fine-tuning
favours larger mediation scales and thus heavier gravitinos, cf. Fig.5 (right).
• The NLSP is typically a sub-TeV Higgsino-like χ˜01 (300 GeV . µ . 500 GeV for
∆EW < 50), thus accompanied by Higgsino-like χ˜
0
2 and χ˜
±
1 , which are only O(10) GeV
heavier than the NLSP. Rather light Bino and RH sleptons are also possible, hence a
corner of the parameter space features τ˜1 as the NLSP, cf. Fig.4 (left), or alternatively
a mostly Bino NLSP or a mixed Bino-Higgsino NLSP.
A Higgsino NLSP can decay into Z or h and gravitino, while the decay of χ˜01 to photon
is only possible in presence of a sizeable gaugino component. The neutralino decay
11
widhts read [49, 50]:
Γ(χ˜01 → G˜ Z) '
m5
χ˜01
48pim2
G˜
M2P
[
|N12 cos θW −N11 sin θW |2 + 1
2
|N13 cosβ −N14 sinβ|2
]
×
(
1− m
2
Z
m2
χ˜01
)4
, (14)
Γ(χ˜01 → G˜ h) '
m5
χ˜01
96pim2
G˜
M2P
|N13 cosβ +N14 sinβ|2
(
1− m
2
h
m2
χ˜01
)4
, (15)
Γ(χ˜01 → G˜ γ) '
m5
χ˜01
48pim2
G˜
M2P
|N11 cos θW +N12 sin θW |2 , (16)
where N1k are the gaugino/Higgsino components of the lightest neutralino, according
to the definition: χ˜01 = N11B˜ + N12W˜
0 + N13H˜
0
d + N14H˜
0
u. In particular, in the pure
Higgsino limit |N11| ' |N12| ' 0 and |N13| ' |N14| '
√
2/2.
A stau NLSP decays into τ and gravitino, see e.g. [41]:
Γ(τ˜1 → G˜ τ) '
m5τ˜1
48pim2
G˜
M2P
, (17)
As we can see, the NLSP coupling to the gravitino (and thus its decay rate) is inversely
proportional to the gravitino mass itself and thus to the mediation scale M , cf. Eq. (13).
Hence fine tuning prefers a long-lived NLSP. However, we find some solutions with a
fast-decaying Higgsino NLSP, as discussed in the previous section.
• The rest of the spectrum is in the multi-TeV mass range, in particular the colored
superpartners. As shown in Fig.3 (left), the lightest stop mass is
2 TeV . mt˜1 . 2.5 (5) TeV for ∆EW . 50 (100), (18)
while the gluino mass is
3 TeV . mg˜ . 5 (7) TeV for ∆EW . 50 (100). (19)
The first and second generation squark masses are in a similar range as the gluino. The
LH ones are about 30% heavier than the RH ones for ∆EW < 50, see Fig.5 (left).
The above described features make the non-unified messenger models very difficult to test at
the LHC, besides in some corners of the parameter space. In the following, we review the
present status of the LHC searches and the prospects of the LHC and future colliders for
different relevant NLSP kinds and production modes.
The Long-lived Higgsino-like χ˜01 NLSP. As we discussed at length, besides the gravitino
LSP, the only particles required to lie well below the TeV are Higgsinos: χ˜01 (typically the
NLSP), χ˜02 and χ˜
±
1 , both quasi-degenerate with χ˜
0
1 (i.e. with mass splittings at the percent
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level). Moreover, requiring low fine-tuning preferably selects M & 1013 GeV, hence χ˜01 is
typically long lived enough to escape the detector unseen. This configuration resembles gravity
mediation scenarios with a Higgsino NLSP and is among the most challenging to test at the
LHC. In fact, the major production modes, i.e. χ˜01χ˜
0
2, χ˜
0
1,2χ˜
±
1 , and χ˜
+
1 χ˜
−
1 , lead to missing
energy and very soft jets and/or leptons from the decays of χ˜02 and χ˜
±
1 to the NLSP and
off-shell Z and W bosons. Models A and C in Table 1 provide examples of models of the
above described kind.
Several studies in the literature have shown the limited LHC potential of testing models of
this kind through Higgsino production, cf. [42, 43, 44, 45, 46]. Searches for missing transverse
momentum (/ET ) recoiling a single energetic jet (mono-j) or a single photon from initial
state radiation will have no sensitivity to Higgsinos even at the future high-luminosity run of
the LHC, because the signal-to-background ratios are typically at the 1% level [42, 45]. An
increased sensitivity is expected by selecting events with mono-j and soft leptons. However,
the estimated reach does not exceed ≈ 200 GeV for the Higgsino mass after 300/fb of collected
data at
√
s = 14 TeV [46, 47]. This prospected sensitivity is below the Higgsino mass range
of our models: 300 GeV . µ . 500 GeV for ∆EW < 50. Therefore, we can conclude that
LHC is not able to test our low-tuned models (e.g. Model A) even in the long run.
For what concerns the proposed future colliders, the most promising possibility seems to be
a leptonic (e+e−) machine with high centre-of-mass energy. For instance, the International
Linear Collider (ILC) operating at
√
s = 1 TeV could probe our models with ∆EW < 50, i.e.,
µ . 500 GeV. Moreover, the ILC will be able to perform high precision measurements of the
higgsino mass scale and associated mass gaps [48].
The promptly decaying Higgsino-like χ˜01 NLSP. A number of solutions feature a rel-
atively low tuning, ∆EW . 100, and a low mediation scale, see Fig. 5 (right). This case is
characterized by a short-lived (neutralino) NLSP. An instance of such a setup is model E of
Table 1: the resulting χ˜01 decay length is cτχ˜ = 0.1 mm. Searches for promptly decaying Hig-
gsinos are therefore sensitive to this corner of the parameter space. As we have seen above, a
Higgsino-like χ˜01 can decay to h or Z and /ET . These decay modes have been widely discussed
in the literature as a signal of gauge mediation with a light gravitino [49, 50, 51, 52, 53]. The
CMS has published a search for neutralino and chargino production based on the data set
of the
√
s = 8 TeV run [54]. They interpret their results precisely in terms of production of
promptly decaying Higgsinos in Gauge Mediation, setting a bound on the Higgsino mass as
a function of BR(χ˜01 → G˜ h). For an almost pure Higgsino and moderate to large values of
tanβ (as it is the case of model E), the two decay modes slightly differ only by the phase
space, typically giving BR(χ˜01 → G˜ h) = 40 ÷ 50% for the NSLP mass range of our models.
The CMS limit then reads mχ˜01 & 300÷ 350 GeV [54].
The total Higgsino production cross section for pp collisions at 13 TeV is rather high: ≈
34 (15) fb for µ = 500 (600) GeV [55]. Hence, there are good prospects to test our low-tuned
models with promptly decaying NLSP at the LHC.
The long-lived Bino-like χ˜01 NLSP. Models of this kind (an example is model B in
Table 1) can be tested through searches for electroweak production of Higgsinos, i.e., heavier
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neutralinos and chargino, and RH sleptons. In the former case, the most sensitive mode is
pp → χ˜02,3χ˜±1 followed by χ˜02,3 → Zχ˜01 and χ˜±1 → W±χ˜01 with the gauge bosons decaying
leptonically. The direct slepton production leads to ˜`+R
˜`−
R → `+`−χ˜01χ˜01. Thus, searches for
leptons and missing energy [56, 57, 58] are sensitive to this scenario. The present limits on
RH sleptons are up to 250 GeV, only for a light Bino, mχ˜01 . 100 GeV. A similar bound
on the Higgsino mass was obtained reinterpreting the searches for neutralinos and charginos
decaying into WZ in terms of Higgsino production [59]. Again, this bound can be evaded
for neutralinos heavier than about 90 GeV. However, the CMS prospects for the 14 TeV run
with 300/fb [60] show that the WZ channel can lead to a discovery of (Wino-like) charginos-
neutralinos up to 600 GeV, even for a Bino as heavy as 300 GeV. We can therefore conclude
that the corner of our parameter space with a Bino-like NLSP have chances to be eventually
tested at the LHC.
The long-lived stau NLSP. Another class of relatively low-tuned solutions is character-
ized by a RH stau as the NLSP. An example is model D of Table 1, with mτ˜1 = 533 GeV and
cττ˜ = 2.8×106 m. Such a long-lived charged NLSP releases energy throughout all layers of the
detector due to its electromagnetic interactions with the material, hence it is reconstructed
as a charged track, just like a muon. Searches for long-lived charged particles have been per-
formed by both LHC experiments employing the 8 TeV run data [61, 62] and analysis based
on the first 13 TeV collisions has been recently published by CMS [63]. The most stringent
limit to date can be extracted by the 8 TeV CMS search [61]: interpreted in terms of direct
stau production, it reads mτ˜1 & 339 GeV. Furthermore, this bound can greatly increase if the
NLSP is indirectly produced from cascade decays of heavier particles, such as Higgsinos in our
case. For a recent discussion and a combination with other possibly relevant searches (e.g. for
disappearing tracks), we refer to [64]. Since naturalness considerations (i.e. ∆EW . 100)
imply for the stau NLSP scenario mτ˜1 < µ . 650 GeV, we expect that this region of our
parameter space can be fully covered by the 13/14 TeV run of the LHC.
Production of colored superpartners. As we have seen, even the models with lowest
tuning are charachterized by super-heavy strongly-interacting particles, cf. Eqs (18,19). Thus
the colored spectrum is beyond the reach of the LHC, given the future limit e.g. on the stop
mass, as estimated by the collaborations themselves: mt˜1 & 950 GeV for
√
s = 14 TeV and
300/fb [60], mt˜1 & 1450 GeV for
√
s = 14 TeV and 3000/fb [65]. In general, all studies limit
the reach in the gluino and first generation squark masses to 2÷3 TeV, see e.g. [66]. It is then
clear that only a future high-energy hadronic collider can fully test the natural configurations
of non-unified gauge mediation that we found (cf. Fig. 3, left), and the characteristic features
of the spectrum, in particular the predicted hierarchy of LH and RH squarks (see Fig. 5,
right). The reach of a
√
s = 100 TeV pp collider is indeed assessed to be at the order of
10÷15 TeV for the gluino/squark masses [66, 67].
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A B C D E
mG˜ 640 MeV 25 MeV 26 GeV 19 MeV 175 eV
T ∗RH [GeV] 4.6× 105 2.2× 104 2.4× 107 9× 103 -
NLSP χ˜01 χ˜
0
1 χ˜
0
1 τ˜1 χ˜
0
1
mNLSP [GeV] 320 455 571 533 621
τNLSP [s] 144 0.039 1.3× 104 9.4× 10−3 3.7× 10−13
ΩNLSPh
2 2.1× 10−2 1.9 0.12 8.5× 10−2 7.5× 10−2
Table 2: Quantities relevant to gravitino cosmology for the models of Table 1.
7 Gravitino Dark Matter
In this section, we comment about the viability of the gravitino LSP as a Dark Matter (DM)
candidate in our models. A systematic discussion is beyond the scope of the present study.
Here, we just focus on the five examples displayed in Table 1, in order to illustrate possible
issues and further constraints arising from the requirement of a consistent gravitino cosmology,
e.g. from Big Bang Nucleosynthesis (BBN). In fact, as we have seen in the previous section,
the NLSP is typically long-lived in our framework, so that it undergoes late decays that can
spoil the successful predictions of BBN. This leads to bounds that apply for τNLSP > 10
−2 s
and we will read from [68, 69]. As we discussed, typical non-unified GM models with low fine
tuning feature a neutralino NLSP, but a stau NLSP is also possible in our framework. For an
early review on gravitino cosmology we refer to [5]. Gravitino DM with a generic neutralino
NLSP has been discussed in [70]. A review of gravitino cosmology with stau NLSP can be
found in [71]. For a recent studies within the phenomenological MSSM, see also [69, 72].
Gravitinos can be produced in the early Universe both thermally, from scattering of SUSY
particles [73, 74], and non-thermally, from decays of the NLSP after freeze-out [75, 76]. Ther-
mal production always dominate in our scenarios with gravitino cold DM. This mode depends
on the reheating temperature TRH such that an upper bound on TRH is obtained by requiring
that the relic density of the gravitino ΩG˜ does not exceed the observed DM abundance ΩDM.
We compute ΩG˜ for our benchmark models by means of the analytical expressions in [71, 74].
In Table 2, we display all information we need: the gravitino mass, the value T ∗RH for the
reheating temperature that saturates the above mentioned bound (i.e. that corresponds to
ΩG˜h
2 = ΩDMh
2 ' 0.12 [77]), as well as the NLSP mass, life-time, and freeze-out energy
density ΩNSLPh
2. The last quantities are computed by means of ISAJET and micrOMEGAs,
while the NLSP life-time employing Eqs. (14 -17).
Model A. As we have already discussed, this model is representative of the solutions with
lowest ∆EW that we found in our numerical analysis. Given that high mediation scales are
preferred by fine-tuning, these solutions typically have mG˜ & O(0.1÷1) GeV (in this case 640
MeV). Also, a Higgsino-like χ˜01 NLSP is selected. From the properties of the gravitino and the
NLSP displayed in Table 2, we also learn the following. The NLSP decays during the BBN
epoch (τNLSP = 144 s), mostly to baryons (following χ˜
0
1 → G˜ Z/h). However, given the large
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annihilation cross section of Higgsinos, the NLSP is diluted enough (ΩNLSPh
2 = 2.1× 10−2)
that this model marginally evades the bounds displayed in [68, 69]. This is not the case
of models with heavier gravitinos, i.e. larger τNLSP. Hence, BBN constraints can exclude
part of our solutions with low tuning, as far as a standard thermal history of the universe is
assumed, no extra dilution mechanism is at work, etc. The gravitino of model A is a viable
cold DM candidate and accounts for the observed relic density if TRH = O(105) GeV. This
value is about three orders of magnitude below the lower bound to TRH posed by leptogenesis
(for a recent review see [78]). Hence model A would require a low-temperature baryogenesis
mechanism or, again, extra entropy production like e.g. in [79].
Model B. The peculiar feature of model B is that the NLSP is mostly Bino. This translates
to a larger energy density of the NLSP at freeze-out, ΩNLSPh
2 = 1.9. Still, this gives a
negligible non-thermal contribution to the gravitino relic density, given that the energy density
is suppressed by the small gravitino mass: ΩNT
G˜
= ΩNLSP×(mG˜/mNLSP) [75, 76]. Furthermore,
again in spite of the large ΩNLSP, model B is not excluded by the BBN constraints of [68, 69],
due to the relatively fast neutralino decay, as well as the reduced baryonic decay width. In
fact BR(χ˜01 → baryons) ' 13%, since χ˜01 → G˜ γ is the dominant decay mode of a Bino NLSP,
cf. Eq. (14, 16). Finally, we notice that also in this case a relatively low reheating temperature,
. O(10) TeV, is needed to avoid DM overproduction.
Model C. This model features a mixed Higgsino-Bino NLSP. As we can see from Table 2,
the gravitino is rather heavy (26 GeV) and thus the NLSP life time is long, O(104) s, compared
to the BBN time scale. As a consequence, this is an example of model excluded by the BBN
constraints of [68, 69], unless some non-standard mechanism intervenes to reduce the NLSP
energy density by at least three orders of magnitude.
Model D. This model is our example of a stau NLSP. The BBN constraints for a charged
NLSP can be read for instance in [69]. They are fulfilled in the case of model D, due to a
fast stau decay, O(10−2) s. Therefore, this provides another example of a viable model of
gravitino DM, as far as TRH is about 10 TeV, similarly to model B.
Model E. This model illustrates the case a neutralino NLSP promptly decaying at colliders,
which requires a very low gravitino mass. As a consequence, the gravitino of model E is not
a cold DM candidate and its relic density must be strongly suppressed by some non-standard
mechanism, in order to evade the stringent cosmological constraints on hot and warm DM.
An example of such mechanism can be found in [80]. Although this model does not provide
a DM candidate, the BBN constraints are trivially satisfied due to the tiny life time of the
NLSP.
8 Models of messengers
To cancel the gauge anomalies, we consider the messengers as chiral superfields in vector-
like representations of the SM gauge group. Furthermore, in order to preserve the gauge
coupling unification, we introduce additional vector-like particles at the messenger scale,
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which however do not couple to the SUSY breaking sector and only act as “spectators”.
The SM and supersymmetric SMs with vector-like particles have been studied extensively
previously, for instance, see Refs. [14, 81, 82, 83, 84, 85, 86, 87]. In particular, the one-
loop beta function equivalent relations among the different particle sets have been studied as
well [81, 84]. Thus, we will present one set of the messenger fields and vector-like particles for
each benchmark point, and all the other sets can be obtained via the one-loop beta function
equivalent relations [81, 84].
To be concrete, at the messenger scale, we introduce the messenger fields and vector-
like particles, whose contributions to the one-loop beta function coefficients are denoted as
(bM1 , b
M
2 , b
M
3 ) and (b
V
1 , b
V
2 , b
V
3 ), respectively. To preserve the gauge coupling unification, we
require
bM+V1 = b
M+V
2 = b
M+V
3 ≡ bM+V . (20)
where bM+Vi ≡ bMi + bVi . Other relations among the bM+Vi could also preserve unification,
see [88]. We neglect these possibilities for simplicity. As in the previous studies, we only
introduce the messenger and vector-like particles whose quantum numbers are the same as
those of the SM fermions and their Hermitian conjugates, and the SU(5) adjoint particles.
Their quantum numbers under SU(3) × SU(2) × U(1) and their contributions to one-loop
beta functions, ∆b ≡ (∆b1,∆b2,∆b3) as complete supermultiplets are
XQ+XQ = (3,2,
1
6
) + (3¯,2,−1
6
) , ∆b = (
1
5
, 3, 2) ; (21)
XU +XU = (3,1,
2
3
) + (3¯,1,−2
3
) , ∆b = (
8
5
, 0, 1) ; (22)
XD +XD = (3,1,−1
3
) + (3¯,1,
1
3
) , ∆b = (
2
5
, 0, 1) ; (23)
XL+XL = (1,2,
1
2
) + (1,2,−1
2
) , ∆b = (
3
5
, 1, 0) ; (24)
XE +XE = (1,1,1) + (1,1,−1) , ∆b = (6
5
, 0, 0) ; (25)
XG = (8,1,0) , ∆b = (0, 0, 3) ; (26)
XW = (1,3,0) , ∆b = (0, 2, 0) ; (27)
XY +XY = (3,2,−5
6
) + (3¯,2,
5
6
) , ∆b = (5, 3, 2) . (28)
We present the messenger fields, vector-like particles and their one-loop beta functions for
our benchmark models in Table 3.
9 Conclusions
We have studied the fine tuning of models of gauge-mediated SUSY breaking, assuming
general sets of messenger fields. We focused in particular on messengers not belonging to
complete representations of grand-unified gauge groups, thus departing from the framework
of minimal GM. The outcome of this study can be summarized as follows:
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A/C B/D E
Messengers (XQ, XQ), 3(XD, XD), 2(XQ, XQ), 2XW , 2(XD, XD),
4(XL, XL), 3XW n(XE, XE) 2(XL, XL), XW
(bM1 , b
M
2 , b
M
3 ) (
19
5 , 13, 5) (
2+6n
5 , 10, 4) (2, 4, 2)
VLPs 3(XU, XU), 5(XD, XD), (XU, XU), 2(XD, XD), (XD, XD),
2(XE, XE) (6− n)(XE, XE), XG (XU, XU)
(bV1 , b
V
2 , b
V
3 ) (
46
5 , 0, 8) (
48−6n
5 , 0, 6) (2, 0, 2)
bM+V 13 10 4
Table 3: The messenger fields, Vector-Like Particles (VLPs) and their one-loop beta functions
in our Models. Here, n = 0, 1, ..., 6.
• Models with non-unified messenger sectors can improve the fine tuning up to one order
of magnitude with respect of minimal GM. In particular, we found solutions featuring
an electroweak fine tuning ∆EW as low as 40÷50, as shown in Figs. 1 and 2.
• This can occur if the messenger sector is such that the Wino mass is substantially larger
than the gluino mass at the mediation scale, due to a compensating effect between gauge
and Yukawa contributions in the m˜2Hu RGE, cf. Eq. (8).
• Although the fine tuning is low, the spectrum of our models lies in the multi-TeV range,
due to the requirement of heavy stops to raise the Higgs mass to the observed value, as
well as heavy Wino for the compensating effect in the running m˜2Hu . As a consequence,
the only possibly light states are the Higgsinos and the singlets under both SU(3) and
SU(2): Bino and RH sleptons. The absence of signs of SUSY at the LHC is therefore
a natural consequence of our framework.
• The LSP is a light gravitino, while the NLSP is typically an Higgsino-like neutralino,
although corners of the parameter space can feature either a Bino or a RH stau NLSP.
Fine tuning favours solutions with a large mediation scale, thus with a NLSP that
appears as a long-lived particle at colliders. These features challenge LHC searches for
SUSY particles at the LHC, as discussed in detail in section 6. Although some corners of
the parameter space will be tested at the 14 TeV run (those with long-lived stau NLSP,
Bino-like NLSP, or a promptly decaying neutralino NLSP), the typical low-tuned models
we found shall await a future leptonic or hadronic machine to be probed.
• As shown in section 7, the gravitino LSP is produced mainly by thermal scattering in
the early universe and can be a consistent candidate for cold dark matter, provided
that its relic density is diluted by means of a rather low reheating temperature, or an
alternative non-standard mechanism of e.g. enthropy production. The stringent BBN
bounds on NLSP decays can be evaded unless the mediation scale is very high.
• As shown in section 8, sets of messengers in incomplete multiplets giving low fine tuning
can be easily built, while gauge coupling unification can be preserved by introducing
18
additional ‘spectator’ vector-like fields.
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